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ABSTRACT
We perform an N-body/hydrodynamics simulation of an isolated Milky Way-like
galaxy and demonstrate that the formation epoch of the galactic bar can be iden-
tified from the age distribution of the nuclear stellar disc (NSD). The bar formation
triggers the gas inflow in the bar region, and the gas inflow reaches the central sub-
kpc region followed by an intense star formation for ∼ 1 Gyr. The star formation in
the central sub-kpc region forms the thinner, kinematically cooler and rotating NSD
component. Consequently, the formation epoch of the galactic bar becomes the oldest
limit of the NSD stellar populations, which tells us the formation epoch of the bar.
We also discuss that a challenge to measure the age distribution of the NSD in the
Milky Way is contamination from the other stellar components, such as a classical
bulge component, whose contamination may not be negligible in the central region.
We demonstrate that transverse velocities of tracer stars, which will be measured by
the near-infrared space astrometry mission, JASMINE, are crucial to kinematically
distinguish the NSD from the other stellar component.
Key words: Galaxy: bulge – Galaxy: bar – Galaxy: center – Galaxy: kinematics and
dynamics
1 INTRODUCTION
Revealing the formation history and structure of the bar
in the Milky Way is a long-standing challenge in Galac-
tic astronomy. Early infrared observations revealed that the
Galactic bulge shows the boxy-shape and is believed to be a
bar (e.g., Nakada et al. 1991; Blitz & Spergel 1991). This is
supported by the non-circular features in the Galactic longi-
tude and line-of-sight (LOS) velocity of the gas in the central
region (e.g., Binney et al. 1991). Photometric and spectro-
scopic surveys towards the Galactic bulge, such as BRAVA
(Kunder et al. 2012), the Abundances and Radial veloc-
ity Galactic Origins Survey (ARGOS; Freeman et al. 2013),
VISTA Variables in the Via Lactea (VVV; Minniti et al.
2010), are revealing more detailed structure of the Galac-
tic bar/bulge. Structure analysis using red clump stars from
the VVV shows a clear inner boxy/beanut-shaped bulge con-
nected to the long thinner Galactic bar as long as about
5 kpc (Wegg & Gerhard 2013; Wegg, Gerhard & Portail
2015). Furthermore, photometric data from Pan-STARRS1
(Chambers et al. 2016), 2MASS (Skrutskie et al. 2006) and
AllWISE (Wright et al. 2010), combined with Gaia DR2
(Gaia Collaboration et al. 2018) reveal the Galactic bar
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shape in the inner Galactic disc (Anders et al. 2019). These
observations suggest that the orientation of the major
axis of the Galactic bar relative to the axis along the
Sun and the Galactic centre is about 25◦ (for reviews,
Bland-Hawthorn & Gerhard 2016; Zoccali & Valenti 2016).
Using kinematic data of the bar/bulge stars, recent stud-
ies suggest that the current pattern speed of the Galac-
tic bar is about 40 km s−1 kpc−1 (Portail et al. 2017;
Sanders, Smith & Evans 2019; Bovy et al. 2019), as opposed
to a fast pattern speed inferred from the kinematics of the
solar neighbourhood stars (Dehnen 1999).
Another unknown property of the Galactic bar is the
formation time. The Galactic bar impacts the dynamics and
star formation of the Galactic disc significantly, and identi-
fying the formation epoch of the bar is one of key questions
to understand the formation and evolution history of the
Milky Way. Haywood et al. (2018) discussed that the bar
formation at the early epoch quenched star formation (see
also Khoperskov et al. 2018), which leads to the transition
from the α-high thick disc formation to the α-low thin disc
formation. Di Matteo et al. (2013) demonstrated that the
formation of the bar induces a strong radial migration and
affects the metal distribution of the disc stars. Using the dis-
tribution of infrared carbon stars, Cole & Weinberg (2002)
suggested that the age of the Galactic bar is about 2 Gyr.
In contrast, recently using APOGEE (Majewski et al. 2017)
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and Gaia DR2 data, Bovy et al. (2019) analysed the age
and stellar abundances of the stars within the bar region,
and found that the stars in the bar region dominated with
older age and α-high thick disc population. They further
suspected that the Galactic bar formed when the old thick
disc formed at an early epoch of the Milky Way formation,
and argued that the bar age is about 10 Gyr.
However, it should be noted that the age of stars in a bar
does not equal to the ‘dynamical’ age of the bar. Since the
bar is a dynamical structure formed via the bar instability
(Ostriker & Peebles 1973; Efstathiou, Lake & Negroponte
1982) or tidal interaction (Noguchi 1987) of a pre-existence
disc, the stars formed before the bar formation can be cap-
tured in the bar, and the age of the stars in the bar can be
older than the age of the bar itself.
In this paper, we consider that the central sub-kpc
region of the bulge is a key structure to infer ages of
the bar. Many hydrodynamics simulations of barred galax-
ies have shown that the torque of bars induces gas in-
flow towards the galactic centre and results in the for-
mation of a nuclear gas disc in the central sub-kpc of
the barred galaxies (e.g. Athanassoula 1992; Friedli & Benz
1993; Athanassoula 2005; Kim et al. 2011; Seo et al. 2019).
It is expected that the nuclear gas disc (the so-called central
molecular zone; CMZ) of the Milky Way galaxy is a direct
consequence of gas inflow driven by the Galactic bar. Fur-
thermore, N-body/hydrodynamics simulations of isolated
barred discs showed that gas which fell into the Galac-
tic centre settled into a rotating star-forming nuclear disc
(Friedli & Benz 1995). Using N-body/hydrodynamics sim-
ulations, Cole et al. (2014) showed that the nuclear stellar
disc (NSD) formed in a barred galaxy is thinner, younger,
kinematically cooler and more metal rich than the surround-
ing stars in the bar (Ness et al. 2014; Debattista et al. 2015,
2018).
The NSD of the Milky Way has been indirectly in-
ferred by modeling the infrared photometric observations
with estimated density profile (Launhardt, Zylka & Mezger
2002), coinciding with the CMZ. The vertical extent
of |b| < 0.4◦ (or ∼ 50 pc) and a Galactocentric ra-
dius of ∼ 150–200 pc. Infrared spectroscopic observa-
tions showed the rotation of the NSD (Matsunaga et al.
2015; Scho¨nrich, Aumer & Sale 2015). The NSD hosts many
young massive stars (Yusef-Zadeh et al. 2009), and there
are classical Cepheids in this region (Matsunaga et al. 2011,
2016; De´ka´ny et al. 2015), i.e. there is ongoing star forma-
tion (Serabyn & Morris 1996). The NSD is considered to be
the structure formed after the gas fell into the central disc
region due to the bar formation. Because it is in a stable or-
bit in the bar, the NSD should not be disrupted unless the
bar is broken somehow. Then, the oldest stars in the NSD
should correspond to the stars formed when the bar formed,
and tell us the age of the Galactic bar.
In this paper, we perform an N-body/hydrodynamics
simulation of an isolated Milky Way-like galaxy and test
this prediction that the age of NSD tells us the formation
time of the bar. In Section 2, we describe our galaxy model
and simulation method. Section 3 describes the formation
and evolution of the NSD driven by the bar formation in
the simulation. We analyse the age distributions of the stars
in the nuclear region of the simulation in Section 4, and
discuss an observational challenge to analyse the age distri-
bution of the NSD due to the contamination from the other
stellar component, such as a classical bulge. Finally, we give
conclusions in Section 5.
2 MODELS AND METHODS
To investigate the effect of bar formation in the Milky Way
galaxy, we performed an N-body/hydrodynamics simulation
of an isolated galactic disc. We generate the initial axisym-
metric model of a Milky Way-like galaxy composed of live
stellar/gaseous discs, a live classical bulge, and a fixed dark
matter halo. The stellar disc follows an exponential profile
with a mass of 4.3 × 1010 M⊙ , a scale-length (Rd) of 2.6
kpc, and a scale-height of 300 pc. Using Hernquist’s method
(Hernquist 1993), the velocity structure of the stellar disc in
cylindrical coordinates is determined by a Maxwellian ap-
proximation. We set the reference radial velocity dispersion
by assuming that Toomre’s Q at R = 2.5Rd is equal to 1.1.
The gas disc also follows an exponential profile with a total
mass of 1.2×1010 M⊙ , a scale-length of 10.4 kpc, and a scale-
height of 100 pc. The classical bulge follows the Hernquist
profile, whose mass and scale-length are 6.7×109 M⊙ and 0.79
pc, respectively. For simplicity, we assume the dark matter
halo to be a static potential, whose density profile follows
the Navarro–Frenk–While (NFW) profile. We assume that
the mass and concentration parameter are 1.26 × 1012 M⊙
and 11.2, respectively. A more detailed model description
can be found in Baba (2015).
Our simulations are performed using the N-
body/smoothed particle hydrodynamic (SPH) simulation
code, ASURA-2. ASURA-2 implements a time-step limiter
(Saitoh & Makino 2009) that allows us to solve rapid
expansions of the gas shell due to supernovae by imposing
sufficiently small time-step to neighboring particles. The
FAST method (Saitoh & Makino 2010), which speeds up
the time integration of a self-gravitating fluid by using
different time steps for gravity and the hydrodynamic
interactions of each particle, is also implemented. We
computed the self-gravity with the Tree/GRAPE method
using a software emulator of GRAPE known as Phantom-
GRAPE (Tanikawa et al. 2013)1. The simulations also
take into account radiative cooling for a wide temperature
range of 20 K < T < 108 K, heating due to far-ultraviolet
background radiation, probabilistic star formation from
the cold dense gas, as well as thermal feedback from
type II supernovae (Saitoh et al. 2008) and HII regions
(Baba, Morokuma-Matsui & Saitoh 2017). This is the same
model as what is used in Baba, Morokuma-Matsui & Saitoh
(2017), where more details of the simulations are described.
Dynamics of spiral arms in the simulated barred galaxy
using the same model has been presented in Baba (2015).
The dynamical evolution of the bar and bulge and link to
the NSD are analysed in this paper.
The initial numbers of stars and gas (SPH) particles
are 5.7 millions and 4.5 millions respectively, and particle
masses for star and gas particles are about 9.1× 103 M⊙ and
3 × 103 M⊙ , respectively. We used a gravitational softening
length of 10 pc.
1 https://bitbucket.org/kohji/phantom-grape.
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3 BAR-DRIVEN GROWTH OF NUCLEAR
BULGE
We run the simulations for about 5 Gyr and display time
evolution of face-on stellar distributions in the top row of
Fig. 1. In the model, grand-design spiral arms form in the
discs at t . 1 Gyr. A stellar bar starts developing around
t = 1.0 Gyr, and a bar with a semi-major axis of ∼ 3 kpc
is developed at t = 1.5. To investigate time evolution of the
stellar bar, we measure the bar strength and pattern speed
with the m = 2 Fourier amplitude of the stellar surface mass
density, A2, given by
A2 =
∑N
j=1
mje
2iφ j
∑N
j=1
mj
. (1)
Here mj , φ j , and N are the mass and azimuth angle of a j-th
stellar particle, and the number of stellar particles within a
cut-off radius of Rc = 3.5 kpc, respectively. Fig. 2(a) shows
the evolution of the bar amplitude (|A2 |). The bar starts to
grow in a time of t ≃ 1 Gyr, and then reaches maximum
amplitude around t ≃ 1.8 Gyr. After that, the bar slowly
decreases their amplitude.
Middle and bottom panels of Fig. 1 respectively show
the x-y and x-z maps of the stars (colored by orange) and
gas (dark) distribution in the central region (enclosed by
squares in the top panels). We can see the stellar and gas
discs in the central sub-kpc region in the snapshots after the
bar formation starting at t = 1 Gyr. Hereafter, we refer these
stellar and gas disc structures as NSD and nuclear gas disc
(NGD), respectively. The radius and thickness of the NSD
are ∼ 800 pc and < 100 pc, respectively. The radius and
thickness of the NGD are ∼ 800 pc and . 10 pc, respectively.
These sizes are much larger than the observed NSD in the
Milky Way. For example, the radial extent of the NSD in the
Milky Way is around 230 pc (Launhardt, Zylka & Mezger
2002), and the vertical scale-height is measured to be around
45 pc (Nishiyama et al. 2013). Note that the aim of this
study is to explore the phenomenological link between the
Galactic bar structure and the NSD. It is not our aim to
reproduce the NSD and NGD structures in the Milky Way
with the numerical simulation. Therefore, the discrepancy in
the size of the nuclear discs between our simulation and the
Milky Way is not an issue of this study. We consider that
the discussion in this paper does not depend on the size of
the nuclear disc.
Fig. 2(b) shows the time evolution of masses of the gas
and stars in the central 1 kpc region. We consider that the
gas and the newly born stars after t = 0 Gyr are mainly
in the nuclear disc in our simulation. Hence, we label the
gas and the new born stellar mass within 1 kpc as NGD
and NSD in this panel. After the bar formation starts at
t & 1 Gyr, the NSD mass (MNSD) rapidly increases by the
time of the bar is fully formed (t ≃ 1.5 Gyr). Then, the
mass growth of the NSD slows down and the NSD mass
reaches 109 M⊙ at t = 3 Gyr. This mass is similar to the
NSD mass of the Milky Way, which is around 1.4 × 109 M⊙
(Launhardt, Zylka & Mezger 2002). In contrast, the NGD
mass (MNGD) increase when the bar grew at t = 1− 1.5 Gyr,
due to the infall of the gas triggered by the bar formation.
However, it reaches a quasi-steady value of about 108 M⊙
after the bar fully formed. This mass is also similar to the
observed value for the Milky Way’s NGD, which is around
5×107 M⊙ (Launhardt, Zylka & Mezger 2002), although the
size of the disc is much larger than the Milky Way’s NGD as
mentioned above. Note that the bar formation triggers infall
of not only the gas but also the old stars into the central
region. In fact, MClB in Fig. 2(b) represents the evolution
of the mass of the old stars, i.e. classical bulge and old disc
stars already in placed at t = 0 Gyr in our simulation, and
increases by a factor of about 1.2 after the bar formation.
The decrease of MNGD after t ≃ 1.3 Gyr is mainly due
to the consumption of the gas by star formation. As shown
in Fig. 2(c), the in-situ star formation rates (SFR) in the
central 1 kpc region rapidly increases at t = 1.2 Gyr, and
reaches at a maximum value in a growth phase of the bar
(t ∼ 1.0 − 1.5 Gyr). Then, it decreases and reaches a value
of about 0.25 M⊙ yr
−1 with some intermittent spikes of the
SFR. This quasi-steady value is roughly consistent with the
values obtained by the previous simulations (e.g. Kim et al.
2011; Shin et al. 2017) and the observations of the Milky
Way of ≃ 0.01 − 0.1M⊙ yr
−1 (e.g. Yusef-Zadeh et al. 2009).
Interestingly, starburst occurs during the bar growing
phase (1 Gyr < t < 2 Gyr). Previous hydrodynamics sim-
ulations of barred galaxies have also shown that gas in-
flow along the bar induces the increased star formation
in the central sub-kp regions (e.g. Friedli & Benz 1995;
Martel, Kawata & Ellison 2013; Carles et al. 2016). This is
associated to the lower star formation in the bar due to
the gas in the bar region falling into the centre before they
turn into the stars (Fanali et al. 2015; Donohoe-Keyes et al.
2019). This result suggests that revealing the star formation
history of the NSD in the Milky Way galaxy can be used
to identify the formation epoch of the Galactic bar, because
the NSD consists of the stars formed after the bar formation
and the age distribution of the NSD should be peaked at the
age of the bar formation. The definition of the bar formation
epoch is not clear, as shown in these results it spreads over
from t = 1.0 to t = 1.8 Gyr in this simulation. Just for a
convenience of the discussion below, in this paper we con-
sider t = 1.5 Gyr as the formation time of the bar in this
simulation, because morphologically the bar is fully devel-
oped (Fig. 1), and it is about a middle of the bar formation
period. However, this is merely a rough time of reference for
the formation time of the bar. It rather means that the bar
formation period is around this time and spreads over about
1 Gyr.
4 AGE DISTRIBUTION OF NUCLEAR BULGE
STARS
As shown in the previous section, gas inflow due to bar for-
mation causes the subsequent intense star formation. Hence,
it can be estimated when the bar is formed from the age
distribution of the NSD. In practice, it is challenging to es-
timate the age of a star precisely. However, there are various
methods to infer the stellar age for different stellar popula-
tions (see Soderblom 2010, for a review). In this theoretical
work, we consider an ideal case that the age of the tracer
stellar population is somehow accurately measured. Then,
a remaining challenge is to measure the age distribution of
the NSD accurately, when there are contamination from the
other stellar components in the Galactic centre region.
One of still unknown stellar component, which could
MNRAS 000, 000–000 (0000)
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Figure 1. Morphological evolution of the simulated barred spiral galaxy. Colors indicate surface density of stars in logarismic scale.
Top: Evolution of face-on view (x-y) of the whole galaxy scale. The gas (mainly in molecular gas) are shown in the dark filamentary
structure. Middle: Evolution of face-on views of the central region (corresponding to the squared regions in the top panels). After the
bar formed (t & 1.5 Gyr), the major-axis of the bar is set to be the direction to 25◦ from the y-axis. The regions analysed in Fig 2 are
enclosed by circles with a radius of 1 kpc. Bottom: Evolution of edge-on views of the central region.
be a significant stellar component in the central region
of the Milky Way galaxy, is a ‘classical bulge’, which
may be formed in the early stages of galaxy formation
(Kormendy & Kennicutt 2004), and hidden in the current
observational constraints (Shen et al. 2010; Kunder et al.
2016). In fact, as shown in Section 2, our simulation includes
a classical bulge component. In this section, we discuss how
the age distribution of the NSD can be recovered if there is
a significant classical bulge component in the central region
of the Milky Way. The exercise below does not intend to
evaluate feasibility of identifying the age distribution of the
NSD in any particular observational data, but to demon-
strate what kind of the observational information would be
required to minimise the contamination from the other stel-
lar component, and extract the age distribution of the NSD
only.
To this end, we placed an observer at a distance of 8
kpc from the galactic center in the disc mid-plane of the
simulated disc galaxy with an angle of 25◦ from the major
axis of the bar. The observer is assumed to have a rotational
speed of 200 km s−1, and no vertical or radial velocity for
simplicity. Again, we consider an ideal case that one star
particle is one tracer star in the central region, and ignore
any observational error.
We first select the star particles within the volume of
Galactic longitude |l | < 5◦, Galactic latitude |b| < 0.3◦, and
the distance from the observer of 7 < d < 9 kpc, to spa-
tially extract the stars in the NSD of the simulated galaxy.
We name the sample of these stars ‘Mock-Spatial’ sample.
Left panels of Fig. 3 show the spatial distribution in Galac-
tic coordinate, l–vlos distribution, l–vb distribution, and l–vl
distribution from top to bottom for the Mock-Spatial sam-
ple, where vlos, vb and vl are line-of-sight (LOS) velocity,
transverse velocities in the directions of Galactic latitude
and longitude, respectively. In Fig. 3), green dots show the
NSD stars, which are defined as new born stars formed af-
ter the simulation started, because the majority of the new
born stars formed in the NSD in the central region (Fig. 2).
On the other hand, red crosses represent a classical bulge
component, which was initially placed in the simulation.
The Galactic longitude and latitude selections for the Mock-
Spatial sample are made to focus on the region where the
NSD is prominent. However, there are a significant contam-
ination from the classical bulge component. In this sample,
we found the classical bulge particles with 8.37 × 108 M⊙
and the NSD particles with 8.31 × 108 M⊙ . Note that in the
central region, there is also a stellar disc component, which
represent both thick and thin discs. However, the age distri-
bution of the thin disc is spread over a wide range, and it
is easier to be distinguished from the NSD age distribution,
which should suddenly increase when the bar formed. The
thick disc could have a peaked age distribution, which can
blur the sudden increase of the NSD stars at the formation
epoch of the bar, if their formation epoch is closer. However,
such age distribution for an old thick disc is similar to what
we consider for the classical bulge below. Also, in the cen-
tral region, velocity dispersion of the thick disc should be
quite high, and kinematically similar to the classical bulge
component. Therefore, in this paper we only consider the
contamination from the classical bulge component, which
we think, is most serious in the central region.
The age distribution of the Mock-Spatial sample is
MNRAS 000, 000–000 (0000)
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Figure 2. Time evolution of (a) the bar amplitude within R = 3.5
kpc, (b) the masses and (c) in-situ SFR in the central 1 kpc
region as highlighted in the middle rows of Fig.1. In panel (b),
components labelled by ‘ClB‘, ‘NSD’ and ‘NGD’ are defined as
the old stars (i.e. classical bulge and old disc stars), newly born
stars, and gas in this region, respectively. Vertical dashed lines
indicate the times corresponding to those of the snapshots shown
in Fig.1.
shown in top panels of Fig.4 with a blue dashed line. Here,
we assumed that the age distribution of the classical bulge
follows a Gaussian with the mean age, refer as the formation
time, and the dispersion of 0.25 Gyr, to mimic a starburst of
classical bulge. We define tgap as the time difference between
the classical bulge formation time and the bar formation
time, which corresponds to Agebar = 3.5 Gyr (or t = 1.5 Gyr
in Fig.2). Top panels of Fig. 4 show the results with different
tgap by adjusting the formation time of the classical bulge,
but the age of the bar formation is fixed. When tgap is greater
than 2 Gyr, the formation of the NSD can be clearly distin-
guished from the starburst of classical bulge formation. As
a result, a clear drop of older stars than Agebar = 3.5 Gyr
can be easily identified. However, when tgap = 1 Gyr (top-
left panel in Fig. 4), it is difficult to identify the oldest age
of the NSD, because it overlaps with the age distribution
of the classical bulge and the Mock-Spatial sample contains
significant classical bulge components. Note that here any
quantitative discussion does not mean to apply to the Milky
Way, because we do not know the mass or age distribution
of the classical bulge or NSD. For example, if the distribu-
tion of the age of the classical bulge is much broader, the
required tgap to distinguish between the NSD from the clas-
sical bulge would be larger. Also, if the mass or number of
the tracer stars of the classical bulge is smaller, it would be
easier to identify the NSD formation time. To demonstrate
it, the lower panels of Fig. 4 show the results if the contri-
bution from the classical bulge is one tenth of the assumed
value in the upper panel. The contribution of the classical
bulge is significantly reduced, but it is still challenging to
distinguish the gap of the age between the classical bulge
and the NSD, if the age gap is too small.
We can use velocity information to further constrain
the sample selection of the NSD to reduce the contamina-
tion from the classical bulge. LOS velocity in the Galac-
tic centre is already obtained with the current facility (e.g.
Matsunaga et al. 2015; Scho¨nrich, Aumer & Sale 2015). We
therefore add the selection criterion using the LOS velocity
information (l − vlos) to Mock-Spatial. The middle panels of
Fig.3 show this sample of ‘Mock-LOSV’, and the second top
penal shows our selection using the LOS velocity. In general,
the classical bulge is not rotating, but has more isotropic ve-
locities, while the NSD is rotation dominant. Therefore, the
classical bulge component contamination is reduced by the
LOS velocity selection, and the NSD component is relatively
increased. The age distribution of the Mock-LOSV sample
is shown by the red dot-dashed line in Fig.4. Although the
contamination of the classical bulge component is less than
that of the Mock-Spatial sample, it can be seen that it is still
not easy to distinguish the NSD age distribution from the
age distribution of the classical bulge component for the case
of tgap = 1 Gyr. Even if the classical bulge mass is reduced
to one tenth of what used in the simulation (lower panels),
it is difficult to distinguish the NSD from the classical bulge
component with tgap = 1 Gyr.
Finally, we consider the case where the transverse ve-
locity information is available, and select the sample using
the full 3D velocity information. Since the NSD stars are
kinematically colder, |vb | should be small, which is seen in
the 2nd bottom panels in Fig. 3. The NSD stars also dis-
tribute in a ring-like structure in the l–vl plane, as seen in
the bottom panels in Fig. 3, because of the significant rota-
tion of the NSD. Based on these, we further cut the sample
from the Mock-LOSV sample, using |vb | and vl as shown in
the 2nd bottom and bottom panels in the right column of
Fig. 3, which we call the ‘Mock-TANV’ sample. The age dis-
tribution of the Mock-TANV sample is shown by the black
solid line in Fig. 4. The contamination of the classical bulge
component is significantly reduced. Consequently, the NSD
stands out in this sample, and it is possible to identify the
formation time of the NSD, i.e. the bar formation time.
These results demonstrate that to identify the forma-
tion time of the NSD, there is a challenge to reduce the con-
tamination from the classical bulge, which spatially overlaps
with the NSD. Our results highlight that obtaining 3D ve-
locity information of the tracer sample is an effective way to
reduce the contamination and extract the NSD component
more clearly.
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Figure 3. Galactic longitude l–latitude b (1st row), l–LOS velocity vlos (2nd row), l–latitudinal transverse velocity vb (3rd row), and l–
longitudinal transverse velocity vl distributions of star particles selected from the central region in the simulation. Crosses (red) and dots
(green) indicate the classical bulge stars and NSD stars, respectively. From left to right columns, the samples labelled by Mock-Spatial,
Mock-LOSV, and Mock-TANV are presented, respectively (see Section 4 for details).
5 CONCLUSIONS
Using an N-body/SPH simulation of the Milky Way-mass
galactic disc, we demonstrate that the NSD forms from the
excessive gas falling into the central region when the bar
forms, and hence a sudden drop of the old stars in the age
distribution of the NSD tells us the formation time of the
bar. The bar formation triggers the infall of the gas into the
central region, which causes a rapid increase of star forma-
tion in the nuclear disc region. Once the NSD forms, they
are stable in the bar. Hence, all the population since the
formation should stay in the NSD as long as the bar exists.
As a result, the rapid increase of the star formation at the
formation epoch of the NSD is easy to be identified as the
oldest edge of the age distribution in the current NSD, which
tells us the formation epoch of the bar.
We note that the model galaxy in this study is an iso-
lated disc model. Thus, the resulting NSD is purely due to
MNRAS 000, 000–000 (0000)
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Figure 4. Upper: Age distributions of the stars in the Mock-Spatial (blue dashed lines), Mock-Spatial (red dot-dashed lines) and
Mock-TANV (black solid lines) sample. The age of the classical bulge are assumed to be 1 and 2 Gyr older than the age of the bar of
Agebar = 1.5 Gyr, from left to right, respectively. Vertical dashed lines correspond to t = 1, 1.5, and 2.0 Gyr of the Fig.1 from the right
to left, respectively. Lower: Same as the upper panels, but for the cases where one tenth ( fClB = 0.1) of the classical bulge mass of the
simulation is used.
the internal origin. If the galactic disc experienced a merger,
the bar and NSD could be destroyed (Sarzi, Ledo & Dotti
2015). Such external effect on the NSD is beyond the scope of
this paper, but an interesting to be explored with cosmolog-
ical simulations (e.g. Buck et al. 2018). Still, for the Milky
Way, it is considered that there was no major mergers, since
the last major merger about 10 Gyr ago (Helmi et al. 2018;
Belokurov et al. 2018) and the Galactic disc experienced
rather quiet evolution (Brook et al. 2004). In that case, it
is likely that the bar in the Milky Way was not disrupted
since the formation. Then, the NSD survives since the bar
formation, and their age distribution provides a robust way
of measuring the age of the Galactic bar.
A challenge to identify the stellar population in the
NSD is to distinguish it from the other stellar component,
such as a classical bulge, whose mass in the central region
is still unknown, but could be significant. We demonstrate
that 3D velocity information is crucial to minimise the con-
tamination of a classical bulge component, to clearly iden-
tify the formation time of the NSD. LOS velocities can be
taken by the near-infrared multi-object spectrograph, such
as APOGEE-2 (Blanton et al. 2017) and MOONS at the
ESO/VLT (Cirasuolo & MOONS Consortium 2016). Trans-
verse velocities are required to be measured with astrom-
etry. Unfortunately, the optical astrometry mission, Gaia
(Gaia Collaboration et al. 2016), cannot see the NSD be-
cause of the heavy dust extinction in the optical band. Re-
cently, the proper motion is measured from the VVV sur-
vey data, the VIRAC catalogue (Smith et al. 2018), with a
median uncertainty of 0.67 mas yr−1 for stars with 11 <
Ks < 14 mag. The absolute proper motion is also mea-
sured using the Gaia reference frame (Clarke et al. 2019;
Sanders et al. 2019). Ultimately, near-infrared (NIR) astro-
metric space missions, such as Japan Astrometry Satellite
Mission for INfrared Exploration (JASMINE; Gouda 2012)2
and GaiaNIR (Hobbs et al. 2016, 2019), will provide the ac-
curate measurement of the transverse velocity of the NSD
stars, and are expected to identify the age of NSD and hence
the formation time of the Galacitc bar decisively. JASMINE
is planned to be launched in mid-2020s, and is designed
to achieve Gaia-level astrometric accuracy at the Galac-
tic centre in NIR band (Hw-band, 1.1∼1.7 µm). JASMINE
2 http://jasmine.nao.ac.jp/index-en.html
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will observe the Galactic centre region within about 200 pc
from the Galactic centre, and will achieve the parallax ac-
curacy of σpi ∼ 25 µas and the proper motion accuracy of
σµ ∼ 25 µas yr
−1 for the objects brighter than Hw = 12.5 mag
and the proper motion accuracy of σµ = 125 µas yr
−1
for the object brighter than Hw ∼ 15.0 mag. Mira vari-
ables are bright enough to be observed with JASMINE
(Matsunaga et al. 2009). Mira variables are known to follow
the age-period relation (Grady, Belokurov & Evans 2019),
and their ages are possible to be measured from their pe-
riod. Our study indicates that accurate proper motions for
many Miras with JASMINE should help to identify the Mi-
ras in the NSD, and their age distribution will tell us the
formation time of the Galactic bar.
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